Introduction
Electrospray ionization mass spectrometry (ESI-MS) is becoming increasingly popular as a rapid and low sample consumption method for the quantitative determination of stoichiometries and binding affinity constants (K a ) for non-covalent protein complexes [1] [2] [3] [4] [5] [6] [7] [8] .
Research conducted over the past decade has revealed the good agreement of stoichiometries and K a values for a multitude of protein complexes determined using ESI-MS and earlier established analytical methods [9] [10] [11] [12] [13] [14] . However, the universal applicability of ESI-MS for the quantitative analysis of protein complexes is still debated [15] . inconsistencies have been reported between the results obtained using ESI-MS and the results obtained using other methods [16] . Also, there are common deviations in the results for the same protein complexes obtained in different laboratories [15] . When biochemical equilibria are studied by ESI-MS, it is generally assumed that the ionization and ion transfer processes are fast compared with the characteristic binding/dissociation and/or folding/denaturation rates in proteins [17] . Hence, ESI-MS analysis is thought to capture a snapshot of the equilibrium distribution of species established in bulk solution. Indeed, the lifetime of ESI nanodroplets is roughly estimated as 1-100 µs, and isolated gas-phase ions can be produced as early as after the first Coulomb fission cycle [17] . However, small globular proteins such as cytochrome c (CytC), GB1 and WW-domains undergo folding transitions on a similarly short time scale [18, 19] . Likewise, the fastest protein-ligand binding is characterized by k on values approaching the diffusion limit of 10 8 -10 9 M −1 s −1 , while the complex lifetime can be as low as a few milliseconds. In this context, the kinetics of the electrospray process becomes an important factor determining the extent of preservation of protein intra-and intermolecular interactions upon ESI-MS. Unfortunately, the evolution of ESI droplets during ionization is extremely challenging to probe experimentally. Droplet velocities and sizes can be measured by laser scattering but only down to a certain droplet size range [20] . The current rough estimates for the lifetime of ESI droplets (approx. 1-100 µs) largely rely on simulations [21] . Apparently, to better delineate the capabilities and limits of ESI-MS for quantitative protein complex analysis we need to enhance our knowledge about the chemistry of protein complexes during ionization.
A number of ESI-based techniques have been introduced over the last 15 years, including desorption electrospray ionization (DESI) [22] , extractive electrospray ionization (EESI) [23] , microdroplet fusion mass spectrometry [24] , etc., in which the chemical interaction is initiated in secondary microdroplets rather than in the working solution, such as in ESI. Initiation of chemical interactions in droplets offers new experimental evidence regarding the kinetics and time scale of the ESI process. Here, we take a new look at the ionization process of non-covalent protein complexes by discussing the recent observations from different research groups obtained using droplet ionization techniques.
Acceleration of chemical reactions in charged microdroplets
The groups of Cooks and Zare [24] [25] [26] [27] [28] [29] [30] [31] recently reported exciting new findings that chemical reactions induced in secondary charged microdroplets can proceed at a much faster rate than that observed in conventional bulk solution. In a typical experiment, reagent solutions were infused via two separate channels, and the reaction was initiated upon mixing in secondary droplets. In a recent study, Zare and co-workers reported more than a 10 6 -fold acceleration of Pomeranz-Fritsch isoquinoline synthesis and more than a 1000-fold increase in the rate of CytC-maltose binding induced in secondary microdroplets compared with that in bulk solution [24] . Even though these estimates are very rough, based on the current data it is evident that the phenomenon of reaction acceleration is very pronounced and general for a broad range of chemical interactions, including protein-ligand binding. The acceleration of chemical reactions in charged microdroplets can therefore exert major effects on biomolecular binding and conformational equilibria, even on the sub-millisecond time scale of the nano-ESI process.
The exact mechanism for the reaction acceleration in charged microdroplets remains largely unknown. Zare and co-workers have recently presented convincing arguments that solvent evaporation is unlikely to be the principal cause for the acceleration of reaction rates in secondary aqueous droplets and proposed that the chemistry at the air-droplet surface interface may play a special role in the reaction acceleration [24] . Further experimental evidence for the role of interfacial processes in reaction acceleration in droplets has been provided by Cooks and co-workers in their study of the Hammett substituent effect [31] . Interfacial effects are also known to generally affect the rate of chemical and biochemical processes [32, 33] . For example, the amyloidogenic protein α-synuclein has been shown to aggregate in solution much faster in the presence of an air-water interface [34] . However, more detailed studies are needed to 
Dissociation of protein complexes induced in charged microdroplets
Several DESI studies have indicated that non-covalent protein complexes in charged microdroplets have a high tolerance to denaturing conditions owing to the short time of exposure [35] [36] [37] . However, the contrary evidence for the denaturation of proteins in DESI droplets has also been presented, indicating that proteins can only tolerate such perturbation up to a certain limit. For example, Julian and co-workers [35] 
The low concentration of the SCA does affect the original protein-ligand equilibrium in bulk solution. However, the solution concentration of the SCA gradually increases in ESI droplets because of the low SCA vapour pressure. The high concentration of SCA triggers the charge increase of protein ions as well as protein unfolding in charged microdroplets. Remarkably, the disruption of native protein complex conformations in supercharging experiments was observed even when nano-ESI emitters were used [41] , for which the droplet lifetime is estimated to be in the range approximately 1-100 µs [21] . The occurrence of significant conformational changes in large protein complexes under certain experimental conditions in nano-ESI droplets may seem puzzling at first glance, because the unfolding of large proteins usually requires much longer than 1-100 µs. However, in view of the dramatic acceleration of chemical reactions in charged microdroplets the time scale of protein unfolding may actually be significantly reduced under these conditions.
Protein-ligand binding induced in secondary microdroplets
To obtain more information on the droplet chemistry of protein complexes, it is of high interest to compare the extent of protein-ligand binding observed in mass spectrometry when the interaction is induced in secondary droplets relative to the equilibrium ratio in bulk. Corresponding experiments in a so-called 'reactive DESI' mode were conducted by Chen, Loo and co-workers [42] . A solution of 5 µM ribonuclease A (RNaseA; 13.7 kDa) in 20 mM ammonium acetate buffer was infused through the sample transfer capillary (neutral channel). Solutions of cytidine 5-triphosphate (CTP) ligand with different concentrations (from 1 to 15 µM in 20 mM ammonium acetate) were infused through the ionizing channel (under high voltage). The interaction was thereby initiated in secondary DESI droplets. The K a value determined based on the relative abundance of the holo-and apo-forms of the protein was 5.2 × 10 5 M −1 , which was only slightly lower (1.2-2.6 times) than the K a value for RNaseA-CTP interaction in bulk solution determined by earlier ESI-MS studies [42] . Such good experimental agreement strongly suggests that the residence time of reagents in secondary droplets is sufficient to reach a near-equilibrium concentration of the protein-ligand complex.
In another example, the same reactive DESI approach was independently used by two different research groups to probe the binding between lysozyme (Lyz) and oligosaccharide ligand
The K a value determined by Chen and co-workers was 5.9 × 10 3 M −1 [42] , and the K a value determined by Klassen and co-workers was 7.9 × 10 3 M −1 [37] . Notably, these values are significantly lower (15) (16) (17) (18) [43] . The slower binding kinetics of Lyz-L could be expected given the approximately one order of lower magnitude of K a .
Concluding remarks
It is commonly accepted that the shift of the protein complex equilibrium in charged microdroplets is not likely to occur owing to the very short time of droplet evolution. However, it is becoming more and more evident that the chemistry of proteins confined in a microenvironment proceeds in a strikingly different fashion from that in the bulk solution. Recent experimental evidence indicates that, as far as reaction rate is concerned, 1 ms in a microdroplet can be equal to seconds and even minutes or hours in solution. Experimental data show that protein-ligand systems with rapid binding kinetics have sufficient time to re-equilibrate to the droplet environment, which might be a major reason for the inconsistencies encountered in the results.
Nano-ESI-MS appears to be the most reliable mass spectrometry approach for the quantitative protein studies, because the lifetime of nano-ESI droplets is estimated to be within the 1-100 µs range. However, more research is necessary to validate this estimate and to shed more light on the time profile of the ESI process. It remains largely unknown to what extent the lifetime of ESI droplets is affected by the high concentration of buffers, salts, supercharging agents and other additives common in the ESI-MS analysis of protein complexes. Of particular interest to explore is whether the chemical reactions in nano-ESI droplets are accelerated to an even greater extent than in DESI droplets. Attention to these questions can help us to better understand the capabilities and limitations of ESI-MS for quantitative protein analysis.
After the initial excitement about the great promise of ESI-MS for measuring binding affinities of biological interactions has passed, it is now conceivable that there are still many hurdles to clear before the method can attain broad and universal applicability. Previous research has been largely focused on comparing binding constants measured by ESI-MS with those determined by established solution-phase methods and improving the methodology and instrumentation in order to preserve biomolecular complexes in the experiment-i.e. great attention has been paid to thermodynamic factors. The kinetics of biomolecular binding reactions and the time scale of the ESI process have long been neglected. The recent data on the dramatic acceleration of chemical reactions in charged microdroplets have revolutionized our understanding of electrospray mechanisms and strongly encourage careful consideration of the kinetics of the studied processes as a major factor. A good experimental approach for protein kinetics studies is to perform experiments as a function of distance, thereby varying droplet size and hence the position of equilibrium. This is readily done in DESI and in dual-spray configurations, and the existing data show sharp changes in chemical reactivity with distance [26] , which should also be reflected in changes in the binding constants of protein complexes. Another approach that we would like to propose here is to infer the time course of reactions in ESI droplets by tailoring the protein-ligand binding kinetics using protein engineering and/or rational chemical design of the ligands. A panel of protein-ligand pairs with nearly identical physico-chemical properties (molecular weight, solvent-accessible surface area, electrostatic surface potential, polarity, etc.) but systematically varied k on and/or k off (covering a broad range of values while maintaining the same K a ) would allow perturbations of the equilibrium in electrospray to be captured and the droplet lifetime to be assessed. In addition to the experimental data, the progress in computational methods now allows simulations to be performed of chemical interactions in micro-and nanodroplets at an unprecedented level of detail and deep mechanistic insight into the system dynamics to be gained [44, 45] .
